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An influence of pass-through optics on femtosecond laser pulse filamentation in ambient air is analyzed for the first 
time both experimentally and numerically. Propagation of high-power femtosecond laser pulse through solid optical 
elements introduces spatiotemporal phase modulation due to the Kerr effect. This modulation may have a strong ef-fect on the pulse filamentation in air. We demonstrated that the phase modulation obtained in the thin pass-through 
dielectric plate reduces the distance to the filament onset and increases the plasma channel length 
 
Femtosecond laser pulse filamentation is the result of nonlinear 
beam self-focusing in the medium, defocusing in self-induced laser 
plasma, diffraction and dispersion [1-3]. Filamentation takes place 
when the peak power of the pulse exceeds the critical power of self-
focusing Pcr. For Gaussian beam 
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where λ is the central wavelength and n2 is nonlinear coefficient of 
the medium. In gases Pcr is about tenths to several gigawatts, in con-
densed matter the coefficient n2 is much higher and critical power 
decreases to several megawatts. For the 800 nm wavelength in at-
mospheric air n2 ≈ (2.4 ÷ 5.8)·10-19 cm2/W [4-5] and critical power 
Pcr ≈ 1.7 ÷ 4 GW [6], in fused silica n2 ≈ (2.4 ÷ 3.2)·10-16 cm2/W and 
Pcr ≈ 2 ÷ 4 MW [7], in CaF2 n2 ≈ 1.24·10-16 cm2/W and Pcr ≈ 7 MW 
[8]. 
High values of nonlinear coefficient n2 in solid dielectrics im-
pose strict limitations on the usage of pass-through optical elements 
in the high-power femtosecond laser systems. For TW systems 
reflecting optics is used to prevent nonlinear distortions of the laser 
beam and damage in pass-through elements [9]. At the same time, 
some necessary elements of the high-power femtosecond systems, 
like windows of gas cuvettes, vacuumed compressors, frequency 
mixers, attenuators, etc. may seriously corrupt the beam. In [10] 
small-scale intensity fluctuations in cross-section of the beam in-
crease significantly after passing through the output CaF2 window 
of the compressor 1 cm in thickness.  
In high-power ultrafast laser amplifiers the influence of the Kerr 
nonlinearity is usually estimated by B-integral  
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 which determines the total phase shift on the beam axis after pass-
ing the distance ∆z [11]. If B > 1÷2 the beam may break down due 
to small-scale self-focusing in transparent components of the ampli-
fier. Initial intensity of about 1011 W/cm2, common for air filamenta-
tion experiments [1], leads to B < 1 for transparent dielectrics less 
than 1 cm in thickness. The breakdown therefore does not take 
place. Nevertheless, the nonlinear self-phase modulation obtained 
by the pulse in this case may significantly affect its filamentation on 
the long distance in air. Likewise direct phase modulation [12] or 
amplitude modulation [13], nonlinear phase modulation affects 
plasma channels generated during high-power pulse propagation. 
In this paper, we studied the effect of the Kerr nonlinearity in 
thin fused silica plane plates on the femtosecond laser pulse fila-
mentation in air. We demonstrated the significant change in the 
plasma channels length caused by the plates of various thicknesses 
to take place. 
First, consider propagation of the laser pulse through a transpar-
ent optical element. Because of the Kerr effect laser pulse, propagat-
ing through transparent optical element, obtains self-phase modula-
tion ∆ ϕ (r, t) depending from both radial and time coordinates. 
Assuming that the element’s thickness ∆z is sufficiently small we 
may neglect the change in the pulse intensity I (r, t). In this case the 
phase modulation is given by the following formula: 
 z
n
rInr ∆−=∆ λ
pi
ττϕ 0solid2
2),(),( , (1) 
where I (r, t) is intensity distribution in the pulse, n2solid, n0, ∆z are 
nonlinearity coefficient, refractive index and thickness of the pass-
through element. 
Phase modulation ∆ ϕ (r, t) in the pulse leads to time-dependent 
or dynamic wavefront change of the laser beam, i.e. different wave-
front change in different pulse time slices. For Gaussian beam 
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we can estimate time-dependent on-axis curvature of the wavefront 
or the equivalent focal length of the Kerr lens fnl (τ) formed by the 
pass-through element: 
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where I0 (τ) is on-axis pulse intensity, Pcrsolid is critical power of self-
focusing in the element, P (τ) is pulse power in different time slices 
and r0 is beam radius at e-1 level. If the pulse is initially focused by a 
mirror with focal length f0, the total focal length f (τ) can be esti-
mated as 
)()( 1101 ττ −−− += nlfff .  (3) 
According to the formula (1) 100 fs Gaussian pulse at wave-
length 744 nm with energy 2.2 mJ and Gaussian beam profile with 
radius r0 = 1.6 mm propagating through 10 mm fused silica plate 
acquires dynamic on-axis wavefront curvature with minimal focal 
length 130 cm. This value is comparable to geometrical focusing in 
laboratory experiments [14]. The focus distance attains minimum in 
the central time slices of the pulse when the power reaches its peak 
value 20 GW (about 10 Pcr in air). At the leading and trailing edges 
of the pulse where power is less than in the central part nonlinear 
focusing is weaker. The time dependence of focal length f (τ) during 
the pulse for two fused silica plates is shown in Fig. 1. For the pa-
rameters given above the minimal focal lengths are 122 cm and 
87 cm for the plates of 4.5 mm and 10.5 mm in thickness, corre-
spondingly. 
 
Fig. 1 Focal distance f (τ) in different time slices of the Gaussian pulse with 
peak intensity 2.3•1011 W/cm2 and geometrical focusing f0 = 230 cm 
(marked by red line). Dynamic wavefront curvature is introduced by a thin 
fused silica plate of 4.5 and 10.5 mm in thickness. Dashed line schematically 
represents the intensity profile of the laser pulse. 
Numerical simulation of the femtosecond laser pulse filamena-
tion with dynamic wavefront was based on the system of equations 
for slowly varying envelope of electric field and free electrons con-
centration. The system takes into account diffraction, group velocity 
dispersion, Kerr and plasma nonlinearities and photoionization of 
air [14]. 
We studied filamentation of the Gaussian pulse with Gaussian 
beam profile after passing through fused silica plates of different 
thickness. Initial pulse envelope immediately after the plate was set 
as follows: 
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where ∆ ϕ (r, t) is self-phase modulation in the plate according to 
(1). After numerical solution of the self-consistent system for field 
envelope and free electrons concentration we calculated fluence 
∫= ττ dzrIzrF ),,(),(     
and plasma concentration ne (r, z) immediately after the pulse. Also 
we calculated linear plasma concentration ρlin (z) which was meas-
ured in the experiment [14]: 
∫ ⋅= rdrzrnz elin piρ 2),()( .  (5) 
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Fig. 2 Fluence distributions F(r, z) along the propagation axis for various 
plates: (a) ∆z = 0 mm, (b) ∆z = 4.5 mm, (c) ∆z = 10.5 mm. Geometrical 
focusing f0 = 230 cm. Dark regions correspond to higher fluence. 
Figure 2 shows spatial distributions of fluence F (r, z) in the 
pulse obtained in numerical simulation. It is clearly seen that 
nonlinear phase modulation of the pulse obtained in the fused silica 
plate leads to the increase in the filament length. Due to the greater 
on-axis wavefront curvature the central time slices of the pulse are 
focused closer to the focusing mirror thus stimulating earlier fila-
ment and plasma channel onset (Fig. 3, solid lines). The slices on 
the leading edge of the pulse which have smaller wavefront curva-
ture are focused at about the same distance as without any plates. 
Dark regions in fluence distributions (Fig. 2) and the peaks in 
the distribution of linear plasma concentration (Fig. 3, solid lines) 
correspond to the pulse refocusing during filamentation. The num-
ber of refocusings increases with plate thickness. Additional peaks 
of the concentration at the end of the plasma channel in the presence 
of the plate are the cooperative result of refocusing of the trailing 
edge of the pulse and self-focusing of its leading edge. Thus in the 
presence of the plate the plasma channel starts earlier than without a 
plate but ends at practically the same distance due to these addi-
tional peaks. The channel therefore undergoes elongation. In addi-
tion, the total number of free electrons in generated plasma increases 
from slightly 8·1013 cm-1 without a plate to 9.5·1013 cm-1 with 
10.5 mm plate. 
A series of experiments were performed to verify influence of 
pass-through optics on plasma column of femtosecond laser fila-
ment in air. In our experiments we used Ti:Sapphire laser system 
[15] which produced 100 fs FWHM pulses with energy 2.2 mJ at 
the wavelength of 744 nm. The laser pulses were focused with 3-m 
spherical mirror. In front of the mirror at the distance of 70 cm off it 
fused silica plates 4.5 mm or 10.5 mm in thickness were placed. 
Another thin probe glass plate moving along the propagation axis 
was used to determine the filamentation onset [16]. When the probe 
plate was near the filament onset, filamentation started in the plate 
with clearly observable supercontinuum generation. Taking into 
account the ratio of air and glass nonlinearity coefficients, we had to 
add the probe plate thickness increased by three orders of magnitude 
to the registered position of the plate. We used 0.15 mm probe plate, 
so the accuracy of the filamentation onset measurement was about 
15 cm. 
 
Fig. 3 Linear plasma concentration calculated in numerical simulation along 
the optical axis immediately after the laser pulse ρlin (z) (solid lines) and 
concentration averaged over the registration time ρave (z) (dotted lines) for 
plates of various thickness: ∆z = 0 mm (red line), 4.5 mm (green line), 10.5 
mm (blue line). 
For plasma concentration measurements we used two metal 
hemispherical electrodes 2 cm in diameter placed at the distance of 
3 mm. The voltage between them was 300 V. Laser pulse propa-
gated through the space between the electrodes [14]. When plasma 
was generated by the propagating pulse, conductivity between the 
electrodes changed and we detected recharging current and varia-
tion of voltage by an oscilloscope. Longitudinal translation of the 
electrodes system along the optical axis allowed us to produce 
measurements of relative plasma concentration integrated over laser 
beam cross-section (i.e. linear plasma concentration) at different 
distances from the focusing mirror. The typical response time of the 
electrodes system and oscilloscope treg was about 2 ns. The detected 
signal was proportional to plasma concentration averaged over treg 
taking into account free electron relaxation. The evolution of free 
electrons concentration (plasma concentration) ne (r, t, z) and posi-
tive ions concentration ne (r, t, z) during relaxation in the plasma 
channel was calculated on the basis of the following evolution equa-
tions: 
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where η = 9·108 s-1 and βep = 10-7 cm3/s [17]. System (6) accounts 
for the attachment of electrons to neutrals with coefficient η and 
electron-ion recombination with coefficient βep. Unlike [18] it does 
not account for comparatively slow processes: impact ionization 
and ion-ion recombination. Their typical duration is on the order of 
several microseconds. As the pulse duration is much less than typi-
cal relaxation time in laser plasma, we took initial conditions for (6) 
equal to electron concentration immediately after the pulse: 
),(),0,(),0,( zrnzrnzrn epe == .   
The latter was taken from numerical simulation of the laser pulse 
filamentation. Finally, we averaged the numerical solution of (6) 
over treg and beam cross-section thus obtaining averaged linear con-
centration of plasma: 
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The averaged electron concentration distributions are shown in 
Fig. 3 by dotted lines. The account for relaxation made distributions 
smoother but the specific peaks due to pulse refocusing are still 
clearly seen. 
 
Fig. 4 Experimentally measured relative linear electron concentration 
ρlin (z)exp along the optical axis for the plates of various thickness. Vertical 
lines in the bottom left corner mark the filamentation start indicated by su-
percontinuum generation in the probe glass plate. 
Figure 4 shows the linear concentration in plasma channels 
measured in the experiment ρlin (z)exp. Filamentation start defined by 
the thin glass probe plate correlates well with the appearance of the 
electric signal due to the plasma generation. The results show that 
nonlinear phase modulation in the fused silica pass-through plates 
leads to the translation of the channel onset towards the focusing 
mirror, no displacement of the registered channel end being ob-
served. As a result, the channel length increases for approximately 
40 cm (30%) for 10.5 mm plate in comparison with no-plate case. 
The experimental value of the elongation of plasma channel is in a 
good agreement with the numerical results. 
To summarize, the Kerr nonlinearity in the dielectric pass-
through plate leads to spatiotemporal transformation of the femto-
second laser pulse wavefront that significantly influences the pulse 
filamentation in air. This transformation cannot be simply regarded 
as an additional nonlinear lens with fixed focal length because dif-
ferent time slices of the laser pulse are self-focused at different dis-
tances due to the Kerr-effect driven wavefront curvature. Thin fused 
silica plate placed into a high-power laser beam decreases a distance 
to the filamentation onset and increases the plasma channel length 
and the number of refocusings in the filament. The dynamic wave-
front curvature introduced by pass-through optical elements may 
find applications for the femtosecond filamentation control in gases. 
This work was supported by grants:  
RFBR 14-02-00489, 14-22-02021, LPI Educational-Scientific 
Complex, grant of the President of the Russian Federation NSh-
3796.2014.2. 
 
1. S. L. Chin, S. A. Hosseini, W. Liu, Q. Luo, F. Theberge, N. 
Akozbek, A. Becker, V. P. Kandidov, O. G. Kosareva, and 
H. Schroeder, Canadian Journal of Physics 83, 863 (2005) 
2. A. Couairon, and A. Mysyrowicz, Phys. Rep. 441, 47 
(2007) 
3. V. P. Kandidov, S. A. Shlenov, and O. G. Kosareva, Quan-
tum Electron. 39, 205 (2009) 
4. E. T. J. Nibbering, G. Grillon, M. A. Franco, B.S. Prade, 
and A. Mysyrowicz, J. Opt. Soc. Am. B 14, 650 (1997) 
5. V. Yu. Fedorov, and V. P. Kandidov, Laser Physics 18, 
1530 (2008) 
6. N. Akozbek, M. Scalora, C. M. Bowden, and S. L. Chin, 
Opt. Comm. 191, 353 (2001) 
7. D. Milam, Appl. Opt. 37, 546 (1998) 
8. A. Brodeur, and S. L. Chin, Phys. Rev. Lett. 80, 4406 
(1998) 
9. H. Wille, M. Rodriguez, J. Kasparian, D. Mondelain, J. Yu, 
A. Mysyrowicz, R. Sauerbrey, J. P. Wolf, and L. Woeste, 
European Physical Journal – Appl. Phys. 20, 183 (2002) 
10. W. Liu, S. A. Hosseini, Q. Luo, B. Ferland, S. L. Chin, O. 
G. Kosareva, N. A. Panov, V. P. Kandidov, New Journal of 
Physics 6, 6 (2004) 
11. M. D. Perry, T. Ditmire, and B. C. Stuart, Opt. Lett 19, 2149 
(1994) 
12. Yu. E. Geints, A. A. Zemlyanov, A. A. Ionin, N. A. Izu-
mov, L. V. Seleznev, D. V. Sinitsyn, E. S. Sunchugasheva, 
JETP 116, 197 (2013) 
13. A. A. Ionin, N. G. Irochnikov, O. G. Kosareva, S. I. 
Kudryashov, A. V. Larichev, D. V. Mokrousova, N. A. 
Panov, L. V. Seleznev, D. V. Sinitsyn, E. S. Sun-
chugasheva, JOSA B 30, 2257 (2013) 
14. A. A. Dergachev, A. A. Ionin, V. P. Kandidov, L. V. Se-
leznev, D. V. Sinitsyn, E. S. Sunchugasheva, S. A. 
Shlenov, Quantum Electron. 43, 29 (2013) 
15. V. D. Zvorykin, A. A. Ionin, A. O. Levchenko, G. A. Me-
syats, L. V. Seleznev, D. V. Sinitsyn, N. N. Ustinovskii, A. 
V. Shutov, Quantum Electron., 44, 431 (2014) 
16. M. B. Agranat, V. P. Kandidov, P. S. Komarov, A. V. 
Ovchinnikov, and V. Yu. Fedorov, Quantum Electron. 39, 
552 (2009) 
17. Yu. P. Raizer, Gas Discharge Physics (Springer, 1991) 
18. X. M. Zhao, J. C. Diels, C. Y. Wang, and J. M. Elizondo, 
IEEE J. of Quant. Electron. 31, 599 (1995) 
 
 
